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Previous studies have evaluated, using cardiac magnetic resonance (CMR) tagging or speckle-tracking echocardiography, the behavior of LV rotational mechanics in hypertrophic cardiomyopathy (HCM) (21, 27, 31, 32) . Scarce data are conversely available regarding the twisting and untwisting motion of the LV among patients with cardiac amyloidosis (CA), an infiltrative cardiomyopathy characterized by deposition of ␤-pleated fibrils in the myocardium, leading to myocyte distortion and separation and progressive myocardial stiffening and sharing with HCM similar signs, such as increased LV thickness, small LV volumes, and diastolic dysfunction (8, 12) . Accordingly, the aim of the present study was to investigate whether disease-specific differences of LV rotational mechanics between patients with CA and HCM exist; to this end, a new feature-tracking CMR software system, able to measure LV deformation directly from cine CMR images, was used (1) . In addition, the correlates of LV rotational mechanics were evaluated.
MATERIALS AND METHODS
Patient population. A total of 20 consecutive patients with transthyretin-related (both mutant and wild-type) or amyloid light-chain systemic amyloidosis and echocardiographic evidence of cardiac involvement and 20 consecutive patients with HCM were included in the study. The definition of CA and HCM was based on standard clinical and echocardiographic criteria (10, 11, 34) . Patients in atrial fibrillation, with moderate or severe mitral regurgitation, and patients with HCM having LV outflow obstruction or exclusively apical hypertrophy, were excluded.
Both groups of patients were referred to CMR with late gadolinium enhancement (LGE) imaging to assess LV and right ventricular (RV) function, LV mass and presence/extent of LGE (expression of expansion of the interstitial compartment by the infiltrating amyloid protein in CA and of replacement fibrosis in HCM) (16, 26) . Furthermore, feature-tracking analysis was applied to assess LV rotational parameters (LVT and LVUT rate).
For comparison purposes, 20 consecutive subjects without evidence of structural heart disease and no history of hypertension, diabetes mellitus, or any other systemic disease were included as a control group. The protocol was approved by the institutional review board.
CMR acquisition protocol. CMR studies were performed using a 1.5 Tesla scanner (Siemens Avanto, Erlangen, Germany) with a cardiac phased-array receiver surface coil and ECG gating. Vertical and horizontal long-axis slices and a stack of contiguous cine shortaxis slices from the atrioventricular ring to the apex were acquired using a steady-state free-precession pulse sequence (slice thickness ϭ 8 mm, no interslice gap, TR/TE ϭ 40 -50/1.2 ms, temporal resolution ϭ 30 frames per RR interval). LGE images were acquired using the same slice coverage as long-axis and short-axis cine images 10 min after intravenous injection of 0.2 mmol/kg gadolinium-based contrast agent (Omniscan; Nycomed Amersham, Princeton, NJ) using a phasesensitive inversion-recovery gradient-echo sequence, individually ad-justing inversion time (TI) to optimize nulling of apparently normal myocardium.
CMR data analysis. All CMR studies were analyzed offline using dedicated softwares (Argus software, Siemens and Segment 1.9; Medviso, Lund, Sweden) by an experienced observer blinded to clinical data.
Biventricular volumes and function and LV mass were measured using standard volumetric technique from the cine short-axis images (28) . Volume and mass measurements were indexed to body surface area. Maximal LV end-diastolic wall thickness was measured as previously described (24) . HCM phenotype was classified as sigmoidal, reverse curve, or neutral as described by Lever et al (14) .
Images were visually assessed for the presence of LGE areas for each LV myocardial segment using the 17-segment cardiac model; regions of elevated signal intensity had to be confirmed in two spatial orientations. In addition, the quantitative extent of LV LGE was determined. A region of interest (ROI) was selected in effectively nulled myocardium. Mean signal intensity and SD of the ROI were measured. The LV myocardium was delimited by endocardial and epicardial contours, which were traced manually. Enhanced myocardium was defined as myocardium with a signal intensity Ն6 SDs above the mean of the ROI (13, 26) . The extent of LGE was expressed as a percentage of the LV mass (%LV LGE); the %LV LGE at basal, mid, and apical level was also measured.
Feature-tracking analysis. 2D Cardiac Performance Analysis Software (TomTec, Munich, Germany) was used to obtain LV rotational mechanics data (i.e., basal and apical rotation, LVT, and LVUT rate) directly from cine basal and apical short-axis images, as previously described (1) . Following uploading of the cine basal and apical short-axis images, the brightness was optimized to ensure optimal Fig. 1 . A and B: endocardial border of basal (A) and apical (B) steady-state free precession image of a control subject is manually traced on the end-diastolic frame using feature-tracking software; the software subsequently propagates the contour following its features throughout the remainder of the cardiac cycle. C and D: left ventricle twisting (LVT) and untwisting (LVUT) rates are calculated after having exported apical and basal rotation and rotation rate data (automatically computed by the software) to a spreadsheet program. In this control subject, peak basal and apical rotation and peak LVT were Ϫ6.5°, 9.6°, and 15.6°, respectively (C); peak LVUT was Ϫ122°/s (D).
endocardial/blood pool discrimination. The endocardial border was then manually traced on the end-diastolic frame, and the software automatically propagated the contour and followed its features throughout the remainder of the cardiac cycle (Fig. 1) . Adjustment of contour tracking was done after visual assessment during cine loop playback to ensure that the LV segments were tracked appropriately. The software automatically calculated the average LV rotation (°) and rotation rates (°/s) from the basal and apical short-axis images. Counterclockwise rotation was marked as positive values and clockwise rotation as negative values when viewed from the LV apex. Apical and basal rotation and rotation rate data were then exported to a spreadsheet program (Excel 2011; Microsoft, Redmond, WA) to calculate LVT and LVUT rate. LVT was defined as the net difference of apical and basal rotation at isochronal time points. The opposite rotation after LVT was defined as LVUT, and the time derivative of LVUT was defined as LVUT rate (Fig. 1) . The following measurements were finally obtained: peak apical and basal rotation, peak LVT, time to peak LVT, peak LVUT rate, and time to peak LVUT rate. All timings were expressed as percentage of systolic phase.
An investigator blinded to the clinical and all other CMR data performed the feature-tracking analysis. Feature-tracking analysis was feasible in all patients. In 20 randomly selected subjects, measures were repeated after an interval of 6 wk by both this observer and a second experienced observer to assess inter-and intraobserver agreement for measures. Inter and intraobserver variability of featuretracking measurements, assessed using the coefficient of variation (CV), were good; intraobserver CVs of peak LVT and LVUT rates were 3.5% and 6.8%, respectively. Interobserver CVs of peak LVT and LVUT rates were 5.6% and 8.6%, respectively.
Statistical analysis. Continuous variables are expressed as means Ϯ SD. Categorical data are presented as absolute numbers and percentages. Differences in continuous variables between two groups were assessed with the Student's t-test or Mann-Whitney U test, where appropriate. Chi-square or Fisher's exact test, where appropriate, was computed to assess differences in categorical variables. Differences in continuous variables between more than two groups were assessed by one-way ANOVA or Kruskal-Wallis test, where appropriate; when the result of the analysis was significant, a post hoc test with Bonferroni's correction was applied.
Receiver operator characteristic (ROC) curve analysis was performed to determine the accuracy of LV rotational mechanics for the detection of CA and HCM, with an area under the curve value of 0.50 indicating no accuracy and a value of 1.00 indicating maximal accuracy.
To identify relevant relations with rotational mechanics parameters (i.e., peak LVT, peak LVUT rate, time to peak LVUT rate), linear and polynomial (when appropriate) regression analysis of the following independent variables was performed: age, sex, heart rate, maximal LV end-diastolic wall thickness, LV end-diastolic volume index, LV end-systolic volume (ESV) index, LV ejection fraction (EF), LV mass index, and %LV LGE. Multivariate forward stepwise regression analysis was therefore performed to identify independent correlates of rotational mechanics parameters. Age and sex were entered into the multivariate model independently of their probability value by univariate analysis and were kept fixed throughout the stepwise selection procedure. Regarding the remaining variables, only those with a probability value Ͻ0.10 by univariate analysis were entered as covariates in the multivariate model. Variables having a nonlinear relationship with rotational mechanics parameters were entered in the multivariate model after appropriate transformation, to improve linearity. Two-tailed tests were considered statistically significant at the 0.05 level. Statistical analysis was performed using the SPSS (SPSS 22; SPSS, Chicago, IL) and MedCalc (MedCalc 13.2; MedCalc, Mariakerke, Belgium) software packages. Table 1 presents clinical and CMR characteristics of the different patient groups and control group. Patients with CA had higher New York Heart Association (NYHA) functional class, compared with patients with HCM. No significant difference was observed between groups as regard to biventricular volumes and function. LV mass index in patients with CA and HCM was significantly higher compared with control subjects (ANOVA P Ͻ 0.001). LV LGE was observed in 20 (100%) patients with CA and in 16 (80%) patients with HCM; the %LV LGE was 23 Ϯ 6% among patients with CA vs. 13 Ϯ 5% among patients with HCM (P Ͻ 0.001). As shown in Fig. 2 , the %LV LGE at basal and mid LV level was significantly higher among patients with CA compared with patients with HCM, whereas no significant difference in %LV LGE at apical level was observed between these two groups. A significant decreasing basoapical gradient of %LV LGE was also observed among patients with CA (Fig. 2) .
RESULTS

Clinical and CMR characteristics of the patient population.
LV rotational mechanics parameters. As shown in Table 2 , peak LVT in patients with CA was significantly impaired compared with control subjects (11.3 Ϯ 4.0°vs. 15.0 Ϯ 1.6°; P Ͻ 0.05) attributable to an impairment of peak basal rotation (Ϫ2.9 Ϯ 2.5°vs. Ϫ7.0 Ϯ 0.7°; P Ͻ 0.001). Conversely, peak LVT in patients with HCM was significantly higher compared with control subjects (18.9 Ϯ 6.7°vs. 15.0 Ϯ 1.6°; P Ͻ 0.05) attributable to an increase in peak apical rotation (12.9 Ϯ 5.5°v s. 8.3 Ϯ 1.4°; P Ͻ 0.01). No significant difference in time to peak LVT was conversely observed between the three groups.
Peak LVUT rate was significantly impaired in patients with CA compared with control subjects (Ϫ83 Ϯ 42°/s vs. Ϫ112 Ϯ 26°/s; P Ͻ 0.05), whereas it was preserved in patients with HCM (Ϫ107 Ϯ 37°/s vs. Ϫ112 Ϯ 26°/s; P Ͼ 0.05). Time to peak LVUT rate was significantly prolonged in both patients with CA and HCM compared with control subjects (146 Ϯ 30% of LV systole vs. 133 Ϯ 23% vs. 113 Ϯ 6%; ANOVA P Ͻ 0.001).
Peak LVT (10.2 Ϯ 5.0°vs. 17.8 Ϯ 6.0°; P Ͻ 0.001) and peak LVUT rate (Ϫ67 Ϯ 33°/s vs. Ϫ112 Ϯ 30°/s; P Ͻ 0.001) were significantly impaired, and time to peak LVUT rate (152 Ϯ 31% of LV systole vs. 132 Ϯ 23; P ϭ 0.026) was significantly prolonged in patients with NYHA functional class 3 or 4, compared with those with NYHA functional class 1 or 2.
At ROC curve analysis, peak basal rotation ϾϪ5.9°, peak apical rotation Յ13.5°, peak LVT Յ15.6°, and peak LVUT rate ϾϪ81°/s had the highest sensitivity and specificity for the distinction of CA from HCM (100% and 65%, 95% and 60%, 85% and 80% and 55% and 90%, respectively; Fig. 3 ). Correlates of LV rotational mechanics parameters. Data derived from regression analysis investigating the correlates of peak LVT, peak LVUT rate, and time to peak LVUT rate are summarized in Table 3 . There were significant correlations of peak LVT with age, heart rate, LVESV index, LVEF, LV mass index, and %LV LGE. Peak LVUT was significantly related to maximal LV end-diastolic wall thickness, LVESV index, LVEF, LV mass index, and %LV LGE. Time to peak LVUT rate was significantly related to heart rate, maximal LV end-diastolic wall thickness, LV mass index, and %LV LGE. Of note, although significant by either linear or polynomial regression analysis, the relations of peak LVT and peak LVUT rate with %LV LGE were best described by nonlinear polynomial regression (Fig. 4) .
At multivariate analysis, age (␤ ϭ Ϫ0.28; P ϭ 0.007), LVEF (␤ ϭ 0.22; P ϭ 0.035), and %LV LGE (␤ ϭ Ϫ0.46; P Ͻ 0.001) were independently related to peak LVT; %LV LGE (␤ ϭ 0.43; P ϭ 0.004) and LV mass index (␤ ϭ 0.35; P ϭ 0.015) were independently related to peak LVUT rate, whereas %LV LGE (␤ ϭ 0.58; P Ͻ 0.001) was the only variable independently related to time to peak LVUT rate. Figure 5 shows an example of a patient with CA with large %LV LGE and impaired peak LVT and peak LVUT rate; for comparison purposes, an example of a patient with HCM with increased peak LVT and preserved peak LVUT rate is also reported (Fig. 6 ).
DISCUSSION
Physiology of LV rotational mechanics.
LVT has emerged as a thorough index of LV systolic myocardial performance directly related to oxygen demand and myocardial energetics (3, 5, 6, 19, 30) . The contraction of the left-handed subepicardial fibers rotates the LV apex in the counterclockwise direction and the LV base in the clockwise direction (30) . Conversely, shortening of the right-handed subendocardial fibers rotates the LV apex and LV base in clockwise and counterclockwise directions, respectively. When both layers are coupled to contract simultaneously, a larger radius of rotation for the outer epicardial layer results in the epicardial fibers having a mechanical advantage in dominating the overall direction of rotation (30) . As previously demonstrated by Taber et al. (30) , the simultaneous contraction and consequent rotation of the subendocardial and subepicardial fibers leads to a uniform distribution of myocardial stress and strain, minimizing the oxygen demand of the myocardium. Potential energy is stored as a consequence of deformation of the interstitial matrix and compression of cardiac proteins such as titin caused by LVT (29) ; the rapid release of potential energy stored during systole leads to LVUT, which in turn generates an intraventricular pressure gradient, facilitating diastolic LV filling (29) . Indeed, LVUT rate has emerged as an index of diastolic function, related to the time constant of LV pressure decay (tau) and the intraventricular pressure gradient (17, 18, 33) . LV rotational mechanics in HCM and CA. Previous studies have extensively investigated the behavior of LV rotational mechanics in patients with HCM (21, 27, 31, 32) . Few are conversely known regarding the twisting and untwisting motion of the LV among patients with CA, which shares with HCM similar signs, such as increased LV thickness, small LV volumes, and diastolic dysfunction (8) . The present study investigated whether disease-specific differences of the behavior of LV rotational mechanics exist between CA and HCM, using the novel feature-tracking CMR software system. Peak Fig. 5 . Example of a patient with CA, large extent of LGE, impaired peak LVT, and peak LVUT rate. Cardiac magnetic resonance LGE imaging (basal, mid, and apical short-axis slices; A) and bulls eye polar map of the transmural extent of LGE (B) demonstrate circumferential LGE involving the LV with a decreasing basoapical gradient. C and D: tracking of the endocardial border of basal (C) and apical (D) steady-state free-precession image using feature-tracking software. E: Peak LVT is impaired (11.9°) due to an impairment of peak basal rotation (Ϫ3.5°), whereas peak apical rotation is preserved (9.5°). F: Peak LVUT rate is impaired (Ϫ49°/s).
LVT was increased in patients with HCM, whereas peak LVUT rate was preserved but delayed, confirming previous results (21, 27, 31, 32) . Peak LVT was conversely impaired among patients with CA; peak LVUT rate was also reduced and delayed, compared with control subjects.
In addition, the correlates of LV rotational mechanics were evaluated. Peak LVT was significantly and independently related to %LV LGE. Of note, a nonlinear relationship was found between peak LVT and %LV LGE (Fig. 4A) . A paradoxical increase of LVT was indeed observed among patients with increased LV thickness and no or smaller amount of LGE (mainly patients with HCM). Subsequently, a progressive decrease of LVT was observed among patients with larger %LV LGE (mainly patients with CA). This relation may be explained by the fact that the epicardial myofibers (compared with the endocardial fibers) produce larger torque (related to the larger radius) and determine the overall direction of rotation (29) . Accordingly, an increase in relative wall thickness, particularly if associated with no or smaller amount of LGE, produces larger radius differences between endocardium and epicardium and results in an augmentation of peak LVT (27) , thus explaining the first part of the relation and the increased LVT among patients with HCM. Of note, increased LVT in HCM patients was mainly attributable to increased apical Fig. 6 . Example of a patient with HCM, increased peak LVT, and preserved peak LVUT rate. Cardiac magnetic resonance LGE imaging (basal, mid, and apical short-axis slices; A) and bulls eye polar map of the transmural extent of LGE (B) demonstrate LGE involving the basal and mid interventricular septum at the right ventricular insertion areas. C and D: tracking of the endocardial border of basal (C) and apical (D) steady-state free-precession image using feature-tracking software. E: peak LVT is increased (22.0°) due to an increase of peak apical rotation (18.1°); peak basal rotation is normal (Ϫ7.0°). F: peak LVUT rate is preserved (Ϫ116°/s).
rotation. The demonstration that a counterclockwise lefthanded spiral rotation of hypertrophy is present among patients with asymmetrical septal HCM as well as the observation that a lesser degree of torque is needed to rotate the LV apex than the LV base may justify this finding (7, 9) .
The second part of the relation is conversely explained by widespread damage of the LV subepicardial myofibers and distortion of the typical spiral architecture of LV myofibers secondary to extensive areas of LGE (as observed mainly among patients with CA), thus leading to a progressive decline of LVT. Of note, the impairment of LVT among patients with CA was mainly due to an impairment of basal rotation, while apical rotation was preserved. This finding fit with observations of previous studies that an apical sparing pattern of myocardial strain is commonly present in patients with CA (15, 22, 23) ; the larger extent of LGE observed at basal level in this group of patients, decreasing in a gradient to the apex, may explain these observations. Peak LVUT rate was significantly and independently related to LV mass index and %LV LGE. Similarly to what was previously observed for peak LVT, a nonlinear relationship was found between peak LVUT rate and %LV LGE (Fig. 4B) . LVUT rate was similar to controls among patients with increased LV thickness and no or smaller amount of LGE (mainly patients with HCM); the potential energy stored by the higher peak systolic twist observed in these patients is probably able to counterbalance the impaired compliance of the hypertrophied LV, thus leading to the preservation of LVUT (32) . Larger intramyocardial amyloid accumulation in CA and larger areas of replacement fibrosis in HCM lead to the failing of this compensatory mechanism and to a further increase of LV stiffening, explaining the second part of the relation.
Of note, time to peak LVUT rate was prolonged in patients with HCM patients (confirming previous observations) (21, 27, 31, 32) and even more in patients with CA. In addition, %LV LGE was found as significantly and independently related to time to peak LVUT rate, further underscoring the detrimental effect of intramyocardial amyloid accumulation (in CA) and replacement fibrosis (in HCM) on the compliance and effective uncoiling of the myocardium.
Clinical implications. Noninvasive diagnosis of CA is still a diagnostic challenge; in particular, in the differential diagnosis with HCM, CA has been defined as "the most prominent masquerader" (25) . CMR with LGE imaging, through the identification of a specific pattern of delayed enhancement, has emerged as a sensitive and specific noninvasive modality for the diagnosis of CA (2) . However, CMR with LGE imaging is not without limitations; many patients with suspected CA have severe renal dysfunction, preventing the use of gadoliniumbased agents. Frequently, obtaining an optimal null time on TI scout may be difficult in CA, resulting in suboptimal LGE images; many patients with CA also have large pleural and pericardial effusions, producing artifacts on the LGE sequence (20) . In these cases, assessment of LV rotational mechanics (using CMR feature tracking, CMR tagging, or speckle-tracking echocardiography) may play an adjunctive role and may be helpful for the differential diagnosis because disease-specific differences of LV rotational mechanics exist between patients with CA and HCM.
Study limitations. This study has some limitations that should be acknowledged. First, a selection bias may have been introduced, as study population included patients presented to a tertiary referral center, which may differ from an unselected group of patients. Second, the study population was relatively small; consequently, multivariate analyses were exploratory, and their results need to be confirmed by further studies with a larger sample size. Third, patients with atrial fibrillation were not included in the study. In atrial fibrillation, feasibility and reproducibility of feature-tracking analysis are indeed expected to be lower because considerable variations of the R-R interval may compromise CMR image quality. In this setting, speckletracking echocardiography should probably be preferred for the analysis of LV rotational mechanics. Fourth, the relatively low temporal resolution of CMR cine sequences (which are used for feature-tracking analysis) may hamper the ability to accurately determine peak LVT, time to peak LVT, peak LVUT rate, and time to peak LVUT rate; however, this limitation holds equally true for CMR tagging, which is considered as the reference noninvasive technique for myocardial strain analysis (1) . On the other hand, the advantages of feature-tracking CMR are that it compares favorably with CMR tagging and relies on the basic cine CMR sequences without any need for a specific encoding pulse (1) .
Conclusions. Feature-tracking CMR allows demonstration of specific behavior of LV rotational mechanics in HCM and CA. Peak LVT is increased in HCM and reduced in CA. Peak LVUT rate is preserved but delayed in HCM, whereas it is reduced and delayed in CA. The extent of LGE (expression of expansion of the interstitial compartment by the infiltrating amyloid protein in CA and of replacement fibrosis in HCM) significantly influences the LV rotational mechanics.
